Background. Between November 2011 and November 2012, a Canadian village of 933 persons had 50 culturepositive cases of tuberculosis, with 49 sharing the same genotype.
Between November 2011 and November 2012, there were 50 cases of microbiologically proven active tuberculosis in an Arctic village in Nunavik, Québec. With a population of only 933, the incidence of cultureconfirmed tuberculosis was >5% of the community for that year-1000 times the overall Canadian incidence. This outbreak occurred in a setting with a very low prevalence of human immunodeficiency virus infection and no previous resistance to antituberculosis drugs, leading to concern in the populace of a newly emerged hypervirulent strain of Mycobacterium tuberculosis.
As part of the response to the outbreak, the Nunavik Regional Board of Health and Social Services (NRBHSS) conducted extensive contact investigations of all newly diagnosed active tuberculosis cases, including household and social contacts. During this response, it was observed that many persons had contacts with multiple tuberculosis cases, indicating that it would be extremely difficult to identify transmission links using standard epidemiologic methods. An alternative approach would involve molecular typing of patient isolates.
In work published elsewhere, a combination of classic molecular epidemiology tools (restriction fragment length polymorphism [RFLP] and mycobacterial interspersed repetitive units [MIRUs] ) revealed extremely limited bacterial diversity in this region, both within and across villages [1] . One potential interpretation of these findings is that this represents ongoing transmission. However, an alternative hypothesis is that patients share similar bacterial genotypes due to ancestry. With the advent of whole-genome sequencing (WGS), a higher-resolution molecular epidemiologic tool [2] [3] [4] [5] [6] , it is now possible to test whether bacteria that are otherwise indistinguishable indicate recent transmission of M. tuberculosis. Furthermore, because WGS provides information on lineage-specific polymorphisms, this genotyping method can also determine whether a new, potentially more virulent M. tuberculosis strain had been introduced into this community.
To address these 2 questions, we conducted WGS on M. tuberculosis isolates from this village. To validate WGS data in this setting, we tested epidemiologically unrelated isolates from other villages of the same region, over 6 years. Then, to situate WGS data from 2011 to 2012 in the context of a village with high rates of tuberculosis over many years, we extended our analysis to the 2 decades before the outbreak. In this setting with limited variability by conventional genotyping modalities, WGS provided improved analytic resolution, revealing the disappearance, reemergence, and amplification of M. tuberculosis over time.
METHODS

Study Population
Nunavik, the arctic region of Québec, spans 443 685 km 2 and comprises 14 Inuit communities. The outbreak village, henceforth denoted village K, is >150 km from the nearest village, with no road connecting the communities.
Bacteria
Specimens from tuberculosis suspects in Nunavik are processed at the mycobacteriology laboratory of the McGill University Health Centre (MUHC). Culture-positive isolates are forwarded to the reference laboratory, Laboratoire de Santé Publique du Québec, for drug susceptibility testing. These laboratories provided isolates for the years 1991-2012.
Genomics
DNA extraction [7] and WGS have been described elsewhere [8] , with details in the Supplementary Data. In brief, M. tuberculosis isolates were sequenced using the MiSeq 250 System (Illumina). Readings with a minimum length of 50 base pairs (bp) were retained and deposited in the National Center for Biotechnology Information's Sequence Archive (accession No. SRP039605, i.e. BioProject PRJNA240330). After alignment to the H36Rv reference genome (accession No. NC_000962.3), single-nucleotide polymorphisms (SNPs) were identified using a Bayesian likelihood model (Unified Genotyper; Genome Analysis Toolkit, version 2.7.4); SNPs with a minimum Phred score >50 were retained (where Phred is −10 · log 10 P error ). Phylogenetic analysis was done using Molecular Evolutionary Genetics Analysis (MEGA, version 5, [9] ), with the number of differences method used to compute evolutionary distance [10] . Maximum likelihood trees were generated using the model of nucleotide substitution that yielded the lowest Bayesian information criterion (Tamura 3-parameter model, [11] ). As a sensitivity analysis, we also generated maximum likelihood trees using the Jukes-Cantor model [12] .
Validation of SNP Threshold for Recent Transmission
Given the limited genetic diversity in Nunavik [1] , we evaluated the lowest SNP threshold that could occur in the absence of transmission. To do so, we sequenced M. tuberculosis isolates from cases residing in other villages of Nunavik (2006 Nunavik ( -2012 . Contact investigation data were obtained from the NRBHSS. Case pairs without epidemiologic links who resided in different villages were designated as improbable transmission, and the SNPs between these case pairs were compared.
Application of WGS to Village K
The SNPs between village K isolates were identified, including those from cases diagnosed during the 20 years before the outbreak. Phylogenetic trees were generated while blinded to epidemiologic data.
Clinical Epidemiologic Analysis Combined With WGS
For the outbreak, clinical epidemiologic data were collected by clinical staff in village K. Links between cases were identified using a database of all household and named contacts. Using date of diagnosis/treatment initiation, symptoms, sputum smear status, and cavity on chest radiograph as indicators of contagion [13] , we looked for potential index cases in each cluster. For the years preceding the outbreak, epidemiologic data for cases from 2007 to 2010 were provided by the NRBHSS. Smear microscopic results were obtained from the MUHC laboratory.
Statistical Analysis
A 2-sample z test and the exact binomial test were used to compare proportions. The F* test for samples with unequal variance was used to compare the number of pairwise SNPs within clusters. Analyses were conducted using Stata software (version 11, StataCorp 2009).
Ethical Approval
Ethical approval was obtained from the McGill University Faculty of Medicine's institutional review board and the NRBHSS. Individual patient consent was not required, but the study was done in collaboration with the village K council.
RESULTS
The Outbreak
Between November 2011 and November 2012, there were 50 microbiologically confirmed cases of tuberculosis in village K. There were no cases between January and October of 2011. All cases were pulmonary, with no instances of tuberculosis meningitis or disseminated disease. Seven of the 50 cases were diagnosed based on symptoms. Of the remaining 43 cases, 40 were found to have active disease during contact investigation, and 3 developed tuberculosis after a documented positive tuberculin skin test conversion; 1 had refused isoniazid and the other 2 demonstrated low adherence. The epidemiologic links between cases were highly complex ( Figure 1 ). All cases except one shared the same MIRU pattern; RFLP provided similar resolution (Supplementary Figure 1) .
Tuberculosis in Village K Over 22 Years
Between 1991 and 2012 (ie, including the outbreak year), 82 cases of culture-positive tuberculosis were diagnosed in village K (Figure 2 ), yielding an average annual incidence of >450 per 100 000 ( population denominators from Statistics Canada). The majority of cases were male (47 of 82), with a median age of 22 years (interquartile range, 16-35 years), consistent with the age distribution of this population [14] . Figure 2) . A review of isolates without SNPs between them revealed that the specimens were processed in separate batches, arguing against laboratory cross-contamination.
Validation of SNP Threshold for Recent Transmission
WGS was successful for 42 of 45 cases in other villages of Nunavik (2006 Nunavik ( -2012 . Consistent with our observation of limited genetic diversity in this region, the 631 "improbable transmission" case pairs from other villages of Nunavik were separated by as few as 2 SNPs, but none were separated by 0 or 1 SNP (Supplementary Figure 3) . From this finding, supported by studies published elsewhere, we defined a new cluster when a group of isolates shared ≥2 of the same SNPs compared with the reference group.
Application of WGS to Village K
The SNPs from all isolates of village K were used to infer maximum likelihood trees, with the bootstrap consensus tree from 1000 replicates shown in Figure 3 [11, 15] . Results were robust to use of an alternate model of nucleotide substitution (unpublished data). All isolates were lineage 4 (Euro-American, with the reported 7-bp deletion in the pks15/1 gene) [16] , and 3 distinct strains were evident, designated strains I, II, and III (Figure 3) . Neither strain I nor strain II gave rise to strain III; strain I has 16 unique SNPs not seen in strain III, whereas strain II has 18 unique SNPs plus a 1102-bp deletion (2 963 340-2 964 352) that is intact in strain III isolates.
Strain I predominated for 6 years (n = 7; 1991-1996), then disappeared. Strain II predominated for 9 years (n = 8; 1996-2004), then disappeared (Figure 2) . Strains I and II were unique to village K. Strain III was first detected in village K in 2007, though it was subsequently found in 2 cases diagnosed in other villages. One of these cases was a child adopted from village K to another community, and the other was an adult who had been a close family contact of a smear-positive case in village K before developing active tuberculosis the following year.
Within strain III, 3 clusters were observed, designated IIIA, IIIB, and IIIC (Figure 4 ). Cluster IIIA isolates (n = 22) had the reference alleles for the genes carB, Rv3263, Rv0828c, and Rv1835c. Cluster IIIB isolates (n = 20) had cluster-defining SNPs in carB and Rv3263 but were wild type for Rv0828c and Rv1835c; cluster IIIC isolates (n = 20) had cluster-defining SNPs in Rv0828c and Rv1835c but were wild-type for carB and Rv3263. Of the 3 clusters, IIIC had the least bacterial diversity (mean pairwise SNP difference between isolates, 1.7 [95% confidence interval, 1.5-1.8] within IIIA, 1.6 (1.4-1.8) within IIIB, and 0.4 (0.3-0.5) within IIIC; P < .001).
Clinical Epidemiologic Analysis Combined With WGS
Whereas WGS alone revealed 3 different clusters (IIIA, B, C), further analysis in conjunction with epidemiologic data identified more complex transmission networks over time, with ≥6 distinct subgroups from 2011 to 2012 ( Figure 5 , across the bottom). Cluster IIIA was first seen in 2007-2008 and was initially divided into 2 groups-those with the C allele in mce1B (n = 4) and those with an alternative T allele in this gene (n = 18).
Between 2011 and 2012, there were 11 cluster IIIA isolates. One had the C allele in mce1B and was from a familial contact of previous cases whose isolates had the same genotype in 2008, suggestive of an isolated reactivation event. The 10 remaining isolates had the T allele in mce1B. Two of these isolates also had an alternative C allele in Rv0331. In this latter subgroup, 1 case was diagnosed in November 2011 and had smear-positive (3+) cavitary disease (MT-5531), while the other was a household contact. The remaining 8 IIIA isolates were first observed in May 2012. Within this subgroup, there were 3 smear-positive cases (4+ for MT-3074, 3+ for MT-3341, and 2+ for MT-3673) diagnosed in June 2012 plus 5 more cases diagnosed at about the same time or soon afterward. Nearly all secondary cases were friends or family, with no obvious trend in locations of contact. Thus, the 11 cluster IIIA isolates from 2011 to 2012 are unlikely to represent a single transmission event, because ≥2 discrete transmission chains plus 1 isolated reactivation event are better supported by the combined genetic and epidemiologic data.
Cluster IIIB was first seen in 2009 and had the reference mce1B C allele, plus cluster-defining SNPs in carB and Rv3263. In 2011-2012, there were 18 cluster IIIB isolates. Five of these had an alternative C allele in fadE4, and the other 13 had the reference A allele at this position. The former subgroup was first seen in December 2011, when a single case was diagnosed with smear-positive (4+) cavitary disease (MT-504). The remaining 4 cases with this genotype were teenagers with shared attendance at the same "gathering house," a venue of socialization identified by public health during the outbreak. The latter subgroup (with the reference A allele in fadE4) was first detected 3 months later, in March 2012. Although it is possible that MT-504 had a mixed infection and contributed to both subgroups, we also note that cases with the alternative C allele were diagnosed months before those with the reference A allele. Moreover, the group of 13 cases with the reference A allele included a patient with smear-positive (3+) cavitary disease diagnosed in May 2012 (MT-2474) who had definitive epidemiologic links to 4 of the remaining 12 cases. The combination of WGS and epidemiology together suggest that the 18 cluster IIIB isolates from 2011 to 2012 represent ≥2 transmission chains.
Cluster IIIC was not seen in the community before 2012. The first case was diagnosed in January 2012 with sputum smearpositive (3+) cavitary disease (MT-0080). Fifteen of the remaining 19 cases were epidemiologically linked to this case (4 household contacts, 3 friends, and 8 contacts at gathering houses). This putative source reported symptoms for 4 months before diagnosis, Figure 3 . Bootstrap consensus tree of Mycobacterium tuberculosis isolates from village K. The evolutionary history was inferred by using the maximum likelihood method based on the Tamura 3-parameter model [11] and a bootstrap consensus tree was generated with 1000 replicates [15] . The percentage of trees in which the associated genome clustered together is shown next to the branches. Branches reproduced in <80% of bootstrap replicates are collapsed. Initial trees for the heuristic search were obtained by applying the neighbor-joining method to a matrix of pairwise distances estimated using the maximum composite likelihood approach. The analysis involved 78 genomes compared with the H37Rv reference genome. Light blue triangles represent strain I isolates; dark blue circles, strain II; pink diamonds, strain III, cluster A; orange circles, strain III, cluster B; green triangles, strain III, cluster C; black circle, not clustered. possibly explaining the large number of IIIC cases observed early in 2012 (8 additional cases in January-February 2012 and 3 in March-April). Of these cases, 2 were smear positive (2+ for MT-1838 and 2+ for MT-2151). Hence, some of the remaining cases with diagnoses between May and November 2012 may have been infected by these secondary cases. These data suggest that cluster IIIC represents, at a minimum, 1 discrete transmission chain.
The epidemiologic curve of the outbreak shows, at the village level, a bimodal distribution of cases diagnosed over time ( Figure 6A ). When outbreak cases were stratified by the aforementioned subgroups, the bimodal distribution was largely attributable to differences in the temporal presentation of the different clusters and their subgroups ( Figure 6B ). When examining the contact data on the most transmissible cases in each of the subgroups, we can tabulate the number of household and nonhousehold contacts who developed active tuberculosis with the same genotype. As seen in Table 1 , of named household contacts who developed tuberculosis, 56% shared the same genotype as the epidemiologically identified source. In contrast, among nonhousehold contacts who developed tuberculosis, only 19% shared the same genotype as their putative source, which was no better than chance alone (exact binomial for comparison to 1/6, given 6 subgroups; P = .32).
DISCUSSION
Using WGS, we have been able to reveal the complexity of tuberculosis control in a unique environment, where there is virtually no loss to follow-up and little to no in-or out-migration. On the scale of decades, 2 dominant strains have disappeared, not to be seen again after 1996 and 2004. Unfortunately, the reemergence of tuberculosis in or around 2007 was followed by a series of secondary and tertiary cases, culminating in an Within the latter 18 cases, there were 2 subgroups: 3 with an additional variant at Rv0331 and 15 that retained the reference allele, A. Cluster IIIB (bottom left) was derived from strain IIIA with the mce1B C reference allele, with 2 additional mutations (in Rv3263, carB). A subgroup of 5 had an additional variant in fadE4. Cluster IIIC (bottom right) was derived from cluster IIIA, with the alternative T allele at mce1B and 2 additional mutations (in Rv1835c, Rv0828c). At the bottom, the concatenated genotype for the 7 SNPs is presented for each of the 6 subgroups identified during the outbreak year.
explosion of tuberculosis cases in 2011-2012. Whereas WGS alone revealed 3 clusters in the 2011-2012 outbreak, the combination of WGS with epidemiologic data allowed us to resolve this into a minimum of 6 events-5 transmission chains and 1 isolated case of reactivation. Together, these findings suggest that (1) even a single reactivation event can lead to numerous cases in this community and (2) the outbreak of 2011-2012 was not a single, rare occurrence but rather multiple smaller concurrent events. This suggests that this community is highly vulnerable to tuberculosis outbreaks, such that ongoing surveillance and vigilance against tuberculosis are warranted.
Our analysis of the outbreak leads us to several important conclusions. First, the outbreak was not due to the introduction of a new M. tuberculosis lineage. The isolates circulating in 2011-2012 differed by a maximum of 8 SNPs from those already present in 2007, and both IIIA and IIIB cases were documented in the years before the outbreak. Although we cannot exclude the possibility that the 2 nonsynonymous SNPs in strain IIIC affect bacterial fitness or virulence, this strain was responsible for less than half of the outbreak cases. It is therefore unlikely that these few mutations, on their own, accounted for the dramatic case rate of 2012. Rather, our findings suggest that the 2011-2012 outbreak involved the expansion of extant bacteria, consistent with a historical study of tuberculosis in Western Canada [17] .
Second, both the WGS data and the clinical/epidemiologic data point to multiple transmission events, rather than a single outbreak. Although it remains possible that a single patient harbored a diversity of strains [18] and was therefore the sole source, such an explanation is neither likely nor necessary to explain the outbreak. Within a few years of the introduction of strain III, there were highly contagious carriers of each of IIIA, IIIB, and IIIC, each with epidemiologic links to multiple contacts sharing the same genotype. The knowledge that there are 3 Figure 6 . Epidemiologic curves of the outbreak. A, Overall. The numbers of cases during the outbreak are shown by date of diagnosis (year-month-date). Blue represents isolates for which whole-genome sequencing (WGS) was successful; black, isolates without WGS. There were no cases before November in 2011. B, Epidemiologic curve of the outbreak, stratified by WGS/epidemiologic subgroup. The numbers of cases during the outbreak are shown by date of diagnosis (year-month-date), in biweekly intervals. Cases are stratified by subgroup genotype, as indicated.
clusters (IIIA, IIIB, and IIIC) in combination with epidemiologic data has also helped identify a case of exogenous reinfection that would otherwise have been overlooked given the absence of MIRU variability. In addition, the cluster-defining SNPs of IIIA/B/C are now being used to investigate the sources of 2013-2014 cases and to distinguish relapse from reinfection in recurrent cases.
Finally, whereas MIRU and RFLP of this community would suggest that there is, and has been, ongoing transmission in this village for decades [1] , WGS data challenge this interpretation. Strains I and II disappeared in 1996 and 2004, respectively, before the introduction of strain III. Given that strain III was first seen in village K and differs from strains I and II by approximately 40 SNPs, the most plausible explanation is a single reactivation case due to an organism acquired in the same village, decades before the period sampled. The majority of adults in the village have positive tuberculin skin test results, and many have chronic pulmonary diseases, so it is possible that one such individual developed transmissible disease without medical suspicion of tuberculosis, leading to the introduction of strain IIIA in 2007.
It remains unclear why this population was at such a high risk after the reappearance of tuberculosis in 2007. Given that one of the potential source cases in the outbreak presented to the clinic 4 months after symptom onset, patient delay may be a considerable factor in this population. Furthermore, although the majority of household contacts with tuberculosis shared the same genotype as the most transmissible cases within each subgroup, 44% of these household contacts did not, supporting the findings of Verver et al [19] that in an environment with high tuberculosis transmission, the traditional stone-in-pond principle may not suffice for identifying and interrupting transmission. As implemented in 1954 in Alaska [20] , communitywide interventions, such as chest radiographic screening, may be needed to halt tuberculosis transmission in this setting. BCG vaccination was already reinstituted in the village in response to this outbreak after its cessation in 2005.
The primary limitation of this study is the relatively small sample size of the subgroups revealed by WGS. Despite the extraordinary incidence of disease, there was insufficient power to conduct a rigorous statistical comparison between cases in the different transmission chains. Another potential limitation is that we were unable to sequence 4 of 82 isolates. However, because we successfully sequenced 95% of all isolates from village K between 1991 and 2012, there is minimal risk of sampling bias. Finally, from a public health perspective, we were unable to identify a single, unifying cause of the 2011-2012 outbreak; this is not surprising, however, given that in-depth analysis revealed the outbreak was in fact due to ≥6 epidemiologically distinct events.
There are a number of important strengths of this study. The unique environment, with nearly all isolates sharing the same MIRU pattern, provided the opportunity to examine how limited classic genotyping methods can actually be. We have demonstrated that although isolates in a transmission chain share the same MIRU, the converse does not necessarily hold truea fact that may have important implications for public health investigation of MIRU-defined clusters. The analysis by WGS of a single geographically isolated village provided an unexpected opportunity to witness both the disappearance and reemergence of tuberculosis over time. Isolates sequenced had a b Because different sources named the same contacts, the denominators of contacts who developed active tuberculosis exceed the number of unique cases in the year.
c A 2-sample z test was used to assess difference in proportions (P < .001).
Amplification of Tuberculosis in the Arctic • JID 2015:211 (15 June) • 1913 minimum coverage of 21×, and 97% of the SNPs identified had a Phred score of >100, equivalent to a 1 in 10 10 chance of error.
The results for the outbreak obtained using the maximum likelihood method were concordant with both the previously established rate of mutation of M. tuberculosis [3, 5, 21, 22] and independent results from Nunavik outside village K (Supplementary Figure 3 ). Our phylogeny also proved robust to use of an alternate model of nucleotide substitution. We obtained independent confirmation of the 4 cluster-defining SNPs for clusters IIIA, IIIB, and IIIC using Sanger sequencing, and a previous study by Domenech et al [8] also showed very low falsepositive rates using the same WGS pipeline. Finally, detailed clinical epidemiologic data were available for all cases, facilitating the verification of transmission identified by WGS. In summary, the use of WGS permitted a fine-level analysis of an ongoing tuberculosis epidemic in this vulnerable population. The reappearance of M. tuberculosis was followed several years later by an epidemiologic amplification, leading to a multipronged outbreak affecting >5% of the population. Further consideration of the potential mechanisms of tuberculosis spread in this village, and other communities in Nunavik, is warranted to derive strategies to help these and other vulnerable communities control and ultimately eliminate tuberculosis.
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